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Sites and mechanisms of potassium transport along the renal
tubule
FRED S. WRIGHT
Department of Physiology, Yale University School of Medicine, New Haven, Connecticut
Renal tubules are capable of transporting potas-
sium in both reabsorptive and secretory directions.
Reabsorption is the principal process in the proximal
portions of the nephron, whereas in the more distal
segments secretion usually dominates.a That most
potassium excreted by the kidney is not derived from
filtered potassium, but is actually secreted, was in-
dicated by clearance [1, 2] and stop-flow experiments
[3—51, and ultimately confirmed by measurements
made on tubule fluid samples obtained by micro-
catheterization [6] and by micropuncture [7—9]. The
distinction between proximal reabsorption and distal
secretion should not be overdrawn, however. Some
secretion occurs in segments of the proximal part of
the nephron, and reabsorption appears to occur
along the collecting duct. Thus, although secretion by
cells of the distal nephron is recognized as the main
process regulating the rate of potassium excretion,
other secretory and reabsorptive processes may mod-
ify the total amount of excreted potassium and, in so
doing, may affect the simultaneous transport rates of
water and other electrolytes.
Evidence establishing numerous features of the
several processes regulating renal potassium excre-
tion, particularly the distal secretory processes, has
been reviewed extensively [10—20]. A picture has
emerged from experimental work that to some extent
explains changes seen in the rates of renal potassium
excretion in response to a number of factors, in-
cluding potassium intake, sodium excretion, miner-
alocorticoids, hydration, acid-base balance, and the
anion composition of plasma. As will become evi-
dent, however, the exact secretory site or sites along
Reabsorption means net transport from lumen to blood, and
secretion means net transport from blood to lumen — mechanism
is not specilied. Nephron is used in the general sense, meaning the
tubule system from the glomerulus to the end of the collecting
system,
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the distal nephron affected by these factors and the
nature of the cellular mechanisms involved are still
not known with certainty. Recent structural and bio-
chemical observations from experiments with iso-
lated tubule fragments have provided some addi-
tional insights into the questions both of transport
sites and transport mechanisms. In the following this
information will be incorporated—at times quite
speculatively—into our present understanding of
renal potassium transport across different segments
of the renal tubule system.
Prox final tubule: Reabsorption
There is now wide agreement that the fate of fil-
tered potassium is to be almost entirely reabsorbed
by the proximal segments of the nephron. Only a
fraction of the proximal tubule is accessible to direct
sampling—the midportion of the proximal con-
voluted tubule (PCT). The proximal straight tubule
(PST) has been studied mainly by perfusion of iso-
lated fragments in vitro. Approximately similar frac-
tions of water, sodium, and potassium, about 50% of
the filtered amounts, are absorbed between the
glomerulus and the last accessible segments of the
PCT [7, 9, 21]. The mechanism of potassium reab-
sorption by the proximal tubule is not known with
certainty. Numerous measurements by emission pho-
tometry of the concentration of potassium in samples
of proximal tubule fluid have shown it to be equal to
or slightly lower than plasma potassium concentra-
tion. Also, using potassium-selective liquid ion-ex-
changer microelectrodes, Khuri, Agulian, and Bog-
harian [22] found that tubule fluid potassium was
less than plasma potassium and that it declined about
10% between early and late proximal segments. De-
pending on the membrane voltages that were present
in these tubules, the data would seem to indicate that
the reabsorptive mechanism may involve active trans-
port. In a more recent study, using electron micro-
probe x-ray analysis, Le Grimellec [23] has shown
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that the concentration of potassium in tubule fluid
increased by 10% between early and late proximal
segments of rats, with most or all of the increase
occurring in the first 10 to 20% of the PCT. it is
unlikely that this difference in results is due to the
different analytical techniques, however, since an-
other study using x-ray analysis 1241 did not show this
increase in tubule fluid potassium concentration
with length along the proximal tubule of dogs. Fur-
ther, Beck, Senesky, and Goldberg 1241 found that
acetazolamide, which inhibited proximal reabsorp-
tion of sodium, calcium, and fluid, did not inhibit
potassium reabsorption. Thus, a 15% decrease in
tubule fluid potassium concentration occurred dur-
ing acetazolamide administration, and potassium
reabsorption contin ued against a concentration
gradient. A transepithelial electrical potential differ-
ence (PD) greater than 5 mY, lumen positive, would
have been required to drive potassium against the
observed concentration gradient. Since the late prox-
imal PD has not been seen to be that large, the data
indicate the presence of an active reabsorptive mech-
anism in the PCT.
The direction of potassium transport in the de-
scending proximal straight tubule (PST) appears to
be reversible. Grantham, Qualizza, and Irwin [25],
who have studied separated cortical rabbit tubules in
vitro, find net fluid reabsorption under control condi-
tions when the tubules are immersed in serum. When
approximately 10-3M para-aminohippurate (PA H)
was added to the bath, however, the direction of net
fluid transport reversed. Net secretion of fluid, so-
dium, and potassium all seem to occur as a con-
sequence of the ability of this tubular segment to
secrete organic acids like PAH. Potassium concentra-
tion in the tubule fluid was found to be about 40%
higher than the potassium concentration in the bath,
while the transepithelial voltage was about 1 mY,
lumen negative. Grantham et al [25] consider it likely
that the pathway taken by the secreted fluid and
cations is through paracellular channels. Since
uremic serum also induces the isolated PST to secrete
fluid [26], it is possible that this segment may actually
contribute potassium to the excreted quantity in
chronically diseased kidneys.
Descending limb of the loop of Henle: Secretion
Measurements of potassium concentration in sam -
pIes of fluid collected at the tip of the papilla show
that potassium is added to tubular fluid in the de-
scending limb (DLH) of inner cortical nephrons. The
potassium concentration in tubule fluid rises to ap-
proximately 20 mM in parallel with increasing potas-
sium concentration in vasa recta plasma [27—29]. Al-
though the increasing potassium concentrations can
be partly accounted for by water removal [30], Jami-
son et al [311 recently found that the delivery of
potassium to the end of the DLH may exceed the rate
of potassium filtration. In control rats fractional de-
livery was 13% greater than the filtered amount, in-
dicating net secretion along the DLH, especially if the
PCT's of inner cortical nephrons absorb potassium.
Administration of furosemide diminished the frac-
tional potassium delivery by 30%, and treatment with
benzolamide nearly doubled it. These authors con-
cluded that the potassium secreted into the DLH is
derived from potassium absorbed along the ascend-
ing limb of the loop (a process inhibited by furose-
mide), that the rate of potassium secretion is depen-
dent on the concentration gradient from medullary
interstitium to tubule lumen and on the volume flow
rate of tubule fluid (flow is probably increased by
benzolamide). The mechanism of this secretory pro-
cess thus appears to be one involving passive diffu-
sion. Since the Henle loops of outer cortical nephrons
turn in the outer medulla, it is probable that less
potassium is secreted into their descending limbs.
Detailed information about the plasma concentration
of potassium at every level in the medulla might
provide some insight into the potential magnitude of
a potassium secretory process in the DLH of super-
ficial nephrons and, thus, shed light on the overall
contribution of this secretory activity.
Ascending limb of the loop of Henle: Reabsorption
Data from measurements of potassium concentra-
tion in samples of fluid from early distal segments of
superficial ncphrons indicate that only about 10% of
filtered potassium arrives at this site [7, 32, 331. Since
the fractional delivery of potassium at the turn of the
Henle loops of superficial nephrons and the frac-
tional delivery of potassium at the end of the ascend-
ing limb (ALH) of deeper nephrons are not known,
the overall magnitude of the reabsorptive process in
this segment is uncertain. About 30 to 40% of filtered
potassium is reabsorbed between late proximal and
early distal segments of superficial nephrons. Consid-
ering the greater quantity secreted into the descend-
ing limb of deeper nephrons, we might imagine that
at least this quantity or perhaps two to three times
this much potassium is absorbed by their ascending
limbs. The data from superficial nephrons suggest
that more potassium is reabsorbed from the ALH
than is secreted into the DLI-1. The concentrations of
sodium, potassium, and chloride in early distal fluid
samples are nearly always less than the concentra-
tions of these ions in plasma [7, 32, 33]. Thus, be-
cause the ALH has a low water permeability and
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dilutes the tubule fluid, the reabsorption of sodium,
potassium, and chloride by the cortical portion of the
ALH occurs against concentration differences be-
tween lumen and blood. Whether potassium reab-
sorption by the ALH is an active transport process,
however, is not known. Studies with perfused ascend-
ing limbs in vitro [34—36] have revealed the presence
of a lumen positive transepithelial potential, indicat-
ing that chloride reabsorption by this segment must
be active and that the absorption of sodium and
potassium may actually proceed down an
electrochemical potential gradient.
Distal tubule and collecting duct: Reabsorption and secretion
Just as the proximal tubule and loop of Henle are
made up of subsegments identifiable by both struc-
tural and functional characteristics, the portion of the
nephron beyond the ALH is also composed of a
number of different tubule segments whose differing
cytologic and physiologic features are being increas-
ingly recognized.
The portion of the nephron that has been called the
"distal tubuleb has been the most extensively studied
because of its accessibility to micropuncture. It has
been shown to be capable of secreting potassium in
certain circumstances and of shutting off potassium
secretion in others. The segment is heterogeneous
(having structurally and functionally distinguishable
early and late parts) and is itself only a short part of
the entire functioning distal nephron.
Several questions may be asked about this segment
and those still more distal to it: I) Is potassium se-
creted along all or only a part of the distal tubule?2)
What other cell functions and structural details can
be recognized in cells capable of secreting potassium'?
3) Is potassium secreted by the same basic mechanism
throughout the distal nephron, or are there quite
different secretory mechanisms in the distal tubule
and collecting tubule? Before attempting to answer
these questions, it is necessary to digress, to discuss
information bearing on the structural and enzymatic
properties of the several subsegments of the distal
tubule and the collecting tubules. Some of this in for-
mation has been available but not widely appreci-
ated; some other reports are still rather preliminary.
In any event, this kind of morphologic and biochemi-
cal information may further our understanding of the
nature of the ion transport mechanisms operating
throughout the distal nephron.
Structure. In the early decades of this century anat-
5The term distal tubule is used to designate the entire superficial
segment between the macula densa region and the confluence of
two tubules. This segment has also been called the distal con-
volution.
omists identified [37—39] a "middle portion" (Mit-
tlestUck) of the nephron that included the segments
now more commonly known as the thick ascending
limb, macula densa region, and the distal convoluted
tubule (early distal tubule). This middle portion was
followed by the collecting system composed of the
initial collecting tubule (late distal tubule or con-
necting tubule), the cortical collecting tubule, the
medullary collecting tubule, and the duct of Bellini at
the papillary tip. The distal segments accessible to
micropuncture at the surface of the cortex include the
last 80% of the so-called distal tubule and occasion-
ally a part of the cortical collecting tubule (beyond
the junction of two superficial distal tubules). In hu-
mans, monkeys, and dogs, the length of the distal
tubule is about 3 mm [40]. In rats it averages approxi-
mately 2 mm [40, 41]. In rabbits it ranges from 0.5 to
1.5 mm [42—44]. The main justification for defining
the distal tubule in this way [45—46] is anatomical; it
possesses identifiable indicators of its beginning and
end that can be located by actual microdissection of
each tubule studied. As information about the func-
tion of this region has accumulated, however, the
heterogeneity of the distal tubule, long known to
anatomists who studied the microscopic details of the
segment, has become evident to physiologists as well.
At least two structurally distinguishable parts of
the distal tubule have been recognized. On the basis
of observations using both microdissection and sec-
tioning [38], Peter named the early convoluted part of
the distal tubule the "intercalated piece" (Schalt-
stuck) and the later, less tortuous, part the "con-
necting piece" (Verbindungsstück). Subsequent work-
ers using transmission and scanning electron
microscopy have confirmed that the cells comprising
the early and late parts of the distal tubule are very
different. The cells of the early distal tubule are quite
similar to those of the thick ascending limb [47—51].
They are cuboidal and have elongated mitochondria
enclosed in complex interdigitations between lateral
cell membranes [48—49]. The luminal surface has
scattered microvilla and occasional cilia [50—51]. The
cells of the latest part of the distal tubule are similar
to those of the cortical collecting tubule [49—52]. It is,
therefore, tempting to consider the distal tubule to be
composed of two different segments which could be
called the distal convoluted tubule (DCT) and the
initial collecting tubule (ICT) [20, 49], and indeed,
most micropuncture data bearing on the function of
the distal tubule are consistent with a view that postu-
lates "early" and "late" distal segments.
Other evidence, however, suggests that the reality
may be even more complicated. Observations on dis-
tal tubules microdissected from both human and rab-
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hit kidneys [43, 53] or reconstructed from sectioned
rat kidney [54] indicate that the distal tubule may
have at least three structurally and functionally dis-
tinguishable regions—thus, there may be a "mid"
distal tubule as well, Before discussing the functional
attributes of the early and late regions of the in uivo
distal tubule, it may be useful to summarize new
structural and biochemical evidence which indicates
that physiologists studying the distal tubule may be
dealing with at least three different segments.
Morel, Chabardès, and Imbert [43] have dissected
distal tubules from collagenase-treated rabbit kid-
neys. Observing these tubules with a stereo-
microscope, these workers have described three suc-
cessive regions of superficial distal tubules: a tortuous
segment with a "bright" appearance (DTb); a seg-
ment with a larger diameter and a "granular" appear-
ance (DTg); and a narrow segment with a "light"
appearance (DTI). Their observations are summa-
rized in Figure 1. Each of these segments averaged
400 to 500 tm in length. In addition, a segment of
variable length which looked like the thick ascending
limb (DTa) was present in some nephrons just be-
yond the macula densa region. The DTI segment was
not present in all distal tubules, but when it was, it
joined to a cortical collecting tubule with the same
"light" appearance (CCTI). In other nephrons the
DIg segment joined with another DTg segment or
with a CCTI segment. Further, Morel et al [43] note
that the distal tubules which do end with a "light"
segment tend to be from the superficial cortex, and
DTa DTb DTg
Fig. I. Schematic diagram based on Reference 43 illustrating regions
of the distal tubule recognizable at low magnification under a dis-
secting microscope. DTa is similar to the thick ascending limb;
DTb is "bright" and tortuous: DTg is "granular;" DTI is "light"
and similar to the cortical collecting tubule. Distal tubules of
ncphrons in the inner cortex typically terminate with "granular"
segments. G indicates glomerulus of the same nephron.
those that end with a "granular" segment are from
the deep cortex.
Adenylate cyclase. Having made these distinctions
among regions of whole distal tubules, Morel et al
43] then separated the segments and measured
adenylate cyclase activity in the pieces by a method
involving generation of readioactive cyclic adenosine-
3',5'-monophosphate (cyclic AMP) [44]. The ex-
ceedingly provocative results of these measurements
show that whereas basal and fluoride-stimulated
adenylate cyclase activity is present in all segments, in
the DTg segment (and the ascending limb) the en-
zyme is stimulated by parathyroid hormone (PTH),
and in the DTI (and the cortical collecting tubule) the
enzyme is stimulated by arginine vasopressin (AVP).
The finding that an AVP-responsive adenylate cy-
clase is present in the last part of the superficial distal
tubule fits well with some micropuncture data and
with more recent morphologic observations. During
water diuresis, fluid in late distal segments is hypo-
tonic [45, 55]. When antidiuretic hormone is adminis-
tered, osmolality has been found to rise to plasma
levels in some studies with rats [45, 56, 571. In other
studies using rats [58, 59], dogs [46], or monkeys [40],
however, osmotic equilibration with plasma was not
found along the late distal tubule during antidiuresis.
These differences have been ascribed to species differ-
ences, or to the technical difficulty of the measure-
ments [56, 571; however, since both high and low
values for osmolality of fluid from late distal tubules
have now been found in the same laboratory [57, 59],
the possibility must be considered that not all species,
or varieties of rats, have distal tubules with a vaso-
pressin-responsive terminal segment. Nevertheless,
Woodhall and Tisher [52] found by examining sec-
tions of collecting tubules in the outer cortex of kid-
neys from Brattleboro rats that after administration
of vasopressin, the cells became swollen and inter-
cellular spaces dilated. They also found that cells of
this type lined the terminal portion of the distal tu-
bule of Brattleboro, Sprague-Dawley, and Wistar
rats. It may be that the vasopressin-responsive seg-
ment is too short in some strains to permit a sig-
nificant degree of water reabsorption.
Development. The observation [43] that superficial
distal tubules usually end with a "light" (vasopressin-
responsive) segment and that deep tubules end with a
"granular" (PTH-responsive) segment is of addi-
tional interest in view of present concepts of embry-
onic, fetal, and postnatal development of the kidney.
From an extensive series of microdissections, Os-
athandonh and Potter [53], have confirmed descrip-
tions by earlier embryologists [38, 601 that the basic
steps in the development of the kidney involve re-
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peated branching and elongation of the ureteral bud,
an outgrowth of mesoderm from the mesonephric
duct, and induction by the terminal portions of the
ureteral bud of nephron formation from cells of the
metanephric blastema, the primitive mesenchymal
cells of the nephrogenic ridge. Although, this dual
origin of the collecting system and the nephrons has
been known since the beginning of this century, the
point along the tubule in the mature kidney that is the
site of the fusion of the two fetal precursors has been
controversial [61]. Osathandonh and Potter [53] offer
an explanation for a previously noted [38—39] but not
widely appreciated structural feature seen in mature
kidneys — that perhaps as many as half [53] of all the
nephrons, generally those with glomeruli in the inner
half of the cortex, are not attached directly to collect-
ing tubules but rather are joined to each other in
"arcades." This general difference between deep and
superficial nephrons is illustrated in Figure 2, which
is from a drawing by Peter [38] but is very similar to
Figure 4 in Reference 53. According to the formula-
tion of Osathandonh and Potter [53], deep nephrons
develop in two stages: the first stage (from about 5 to
15 weeks in humans) involves dichotomous branch-
ing of the ureteral bud and accounts for the pelvis,
calyces, and the branched inner medullary collecting
ducts; the second stage (from about 15 to 22 weeks)
involves repeated nephron induction without branch-
ing of the ureteral bud and results in the nephrons
becoming attached to each other (in arcades) rather
than to the ureteral bud. The more superficial neph-
rons are formed in the last trimester of gestation
(about 22 to 36 weeks), again without branching but
with sufficient growth of the ureteral bud between
inductions so that each nephron is attached sepa-
rately to the ureteral bud (the collecting tubule in the
adult). As shown on the right in Figure 2, this means
that the junction between two distal tubules of deep
nephrons is formed by cells of the so-called con-
necting piece (derived from the metanephric bIas-
tema) and that the junctions between distal tubules of
the most superficial nephrons are formed by cells in
the zone of attachment to the terminal collecting duct
(derived from the ureteral bud). Thus, in the mature
kidney the points of fusion between cells originating
with the ureteral bud and cells originating with the
induced nephron generally occur only in the outer
cortex. Connections between descendants of the two
precursor cell lines are not expected to occur in the
inner half of the cortex; there, distal tubules join in
arcades through which fluid from several nephrons
flows centrifugally and then empties into the collect-
ing duct at a single attachment which is usually in the
mid-cortex. It can also be seen in Figure 2 that the
long unbranched segment of the cortical collecting
tubule, which has been studied by in vitro perfusion
[62] typically descends in the inner half of the cortex.
This distinction between superficial and deep neph-
rons, reached on the basis of microdissection of de-
veloping and mature kidneys [38, 39, 53], appears to
complement the structural and biochemical observa-
tions of Morel et al [43]. The most distal portion of
the induced tissue, the connecting piece [53], may be
the ancestor of the "granular" segment which con-
tains adenylate cyclase, responsive to PTH but not to
AVP [43]. The terminations of the extensively
branched ureteral bud, the cortical collecting tubules
[531, may in the mature kidney become the "light"
segments which, because of continued growth by cell
division, extend proximal to the confluence of super-
ficial distal tubules. These segments, both proximal
and distal to the point of confluence of two distal
tubules, contain adenylate cyclase, responsive to
AVP but not to PTH [43]. Three predictions, which
will require further investigation, emerge from these
considerations: first, that the earliest part of the distal
tubule accessible to micropuncture (the convoluted
Fig. 2. Diagram on the left redrawn from Reference 38 (Fig. 24h,
page 643) showing the arrangement 0/superficial and deep nephrons
in relation to the collecting duct. The shaded region indicates the
"distal tubule." Nephrons with glomeruli in the outer half of the
cortex Join directly to the collecting duct: nephrons with glomeruli
in the inner cortex join with each other in arcades. The gcstational
age (in weeks) at which the three periods of branching and in-
duction occur, described in Reference 53. are shown in the center.
On the right, enlarged diagrams of the deepest (oldest) and most
superficial (youngest) nephrons emphasize different distal seg-
ments recognized during fetal development: clear segment, distal
convoluted tubule (derived from metanephric blastema): shaded
segment, connecting piece (derived from rnetanephric blastema);
and hatched segment, collecting duct (derived from the ureteral
bud).
22 to36]
5 to 15
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portion, DTb) is functionally different from the thick
ascending limb; second, that the latest part of the
distal tubule accessible to micropuncture (initial col-
lecting tubule, DTI) is developmentally, structurally,
and functionally similar to the cortical collecting tu-
bule; third, that a structurally and functionally distin-
guishable segment (connecting tubule, DTg) may be
found between the early and late parts of superficial
distal tubules (in the case of inner cortical nephrons,
the connecting tubule is the most distal portion).
Cell types. In view of these possibilities, some re-
cent findings based on reconstruction from serial sec-
tions arc of interest. Crayen and Thoenes [54] have
examined serial sections cut through a microperfu-
sion-fixed superficial distal tubule. They describe four
types of cells, the distribution of which serves to
divide the distal tubule into three distinguishable seg-
ments. The cell types are illustrated schematically in
Figure 3. According to these workers, the convoluted
part of the distal tubule (early part) is composed
primarily of Type I (DCI) cells with a few Type 4
(dark) cells scattered about. The Type I cells are not
distinguishable from the cells of the thick ascending
limb. In the next portion of the distal tubule (about
200iam long in the rat), all four cell types were seen,
with most cells being Type 2 (intermediate) and Type
3 (light). Finally, near the confluence with another
distal tubule, no Type I (DCI) and only a few Type 2
(intermediate) cells were seen: most cells were of
Types 3 (light) and 4 (dark). Beyond the confluence
with another distal tubule, all cells were of Types 3
and 4.
Some observations by both light and scanning elec-
tron microscopy also fit with the possibility that the
distal tubule has three different segments. Woodhall
and Tisher [52] examined sections of superficial renal
cortex and identified three types of nonproximal tu-
bules that could be seen in cross-section: typical distal
convoluted tubules, segments with cells like those of
the cortical collecting tubule, and segments with cells
of both types, which they called "transition region."
Andrews and Porter [50] also describe a region of
gradual "transition" between distal tubules and col-
lecting tubules as seen in scanning electron micro-
graphs. In this transition, segment cells had fewer
surface microvilli and cilia than were seen on distal
tubule cells, but were not clearly recognizable as light
and dark cells as was possible in the late distal tubule
and collecting duct.
Sodiurn-potassiurn-adenosine triphosphatase (Na-K-
T
A TPase). Another enzyme, present in cells of the
ype distal nephron, sodium and potassium-activated AT-
Collecting duct Pase (Na-K-ATPase), is potentially of great impor-ig C tance to potassium secretion [63, 64] but to date has
not been localized with the same precision as has
adenylate cyclase [431. Schmidt ci al, using micro-
dissection and microanalytic techniques [65—671,
have shown that Na-K-ATPase activity is high in
cells of the niedullary ascending limb and of the early
distal tubule, and recently they have been able to
show that the activity in the distal segments is depen-
dent on circulating aldosterone [66]. They have not
reported measurements of Na-K-ATPase in later
parts of the distal tubule but did report that a single
measurement of collecting duct Na-K-ATPase
showed it to be similar to the activity of the enzyme in
the DCT [67]. Histochemical localizations of Na-K-
ATPase tend to conform the results of Schmidt et al
hut do not extend them. Using an immunoferritin
technique, Kyle [68] found evidence that Na-K-Al-
Pase was associated with basolateral membranes in
the distal convoluted tubule (early distal tubule).
Ernst [69] used a strontium precipitation reaction to
identify a potassium-dependent phosphatase, and
found staining primarily in early distal tubules and
restricted to the cytoplasmic side of basolateral
ml1?
Type 1
Distal convoluted
tubule cell
Type 2
Intermediate
cell
Type 4
Intercalated
(dark) cell
Fig. 3. Schematic illustrations redrawn from Reference 54 showing
jour types of cells recognized along the superficial distal tubule of the
rat. Tt'pe / cells resemble proximal tubule cells except that they
have short microvilli instead of a brush border. They have complex
lateral interdigitations extending nearly to the luminal surface and
enclosing elongated mitochondria. Type 2 cells have less complex
lateral interdigitations which extend only about half way from the
base to the luminal surface. Some round mitochondria are seen in
the apical region. Type 3 cells are shorter and have flat sides.
Interdigitations occur only near the basal surface. Mitoehondria
are sparse and are round: microvilli are few and plump. Type 4
cells tend to be dome shaped and have a dense, osmophillic cy-
toplasm and more numerous mitochondria. They have flat sides
with simple basal interdigitations hut have an elaborately plicated
luminal membrane with longitudinal folds (seen more clearly by
scanning electron microscopy as shown in Reference 78).
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plasma membranes. Although he states that cortical
collecting tubules were "moderately reactive," the
only illustration published (Figure 9 in Reference 69)
appears to show a Type 2 (intermediate) cell (Figure
3), suggesting that he was actually seeing the middle
part of the distal tubule. Beeuwkes and Rosen [70]
have used a modification of this technique which
reveals potassium-dependent phosphatase activity
that is more sensitive to ouabain inhibition. They find
the enzyme to be restricted to the ascending limb of
Henle's loop and the distal convoluted tubule. They
do not find it in macula densa cells [71] nor in collect-
ing duct cells. It has not been shown, therefore, that
there is a significant quantity of Na-K-ATPase activ-
ity in cells of the late distal tubule or of the cortical
collecting tubule.
Thus, although the data available at present are
not really adequate to reach a firm conclusion, the
pieces of information from these several sources sug-
gest that there may well be meaningful distinctions to
be made between early, mid, and late parts of the
distal tubule. Some distinguishing features of these
three segments, in relation to the ascending limb and
cortical collecting tubule, are summarized in Table 1.
Together, these morphologic and biochemical obser-
vations suggest that superficial distal tubules may
have as many as three functionally distinct segments,
that the last of these (the initial collecting tubule) is
responsive to vasopressin, that some function of the
middle segment (the connecting tubule) may depend
on parathyroid hormone, and that Na-K-ATPase ac-
tivity is most pronounced in the early (the distal
convoluted tubule) and, perhaps, the middle segment.
However, in attempting to relate these findings to
currently available data bearing on potassium trans-
port along the distal tubule, it does not seem possible
at present to characterize with certainty the direction
and mechanism of potassium transfer in each of these
segments.
Potassium secretion. That a segment (or segments)
of the last part of superficial distal tubules can secrete
potassium is well established. This was first clearly
shown by Malnic, Klose, and Giebisch [7]. Their
data, along with some more recent observations from
micropuncture experiments with rats, are shown in
Figure 4, which depicts fractional delivery of potas-
sium to identified sites along the distal tubule. Sam-
ples from the earliest distal sites show that less than
10% of filtered potassium has escaped reabsorption
by the ascending limb and is delivered to the distal
tubule. Samples from later sites show that potassium
has been secreted into the tubule fluid. The data are
consistent with the possibility that only the more
distal portion of the distal tubule secretes potassium.
Although the measurements do not establish with
certainty how far proximally the capacity to secrete
potassium extends, by restricting themselves to the
terminal third of the distal tubule, a growing number
of investigators have obtained a substantial amount
of information about the properties of this potas-
sium-secreting segment.
The luminal concentration of potassium has re-
peatedly been found to exceed plasma potassium con-
centration in rats fed a normal diet [7—9, 32—33,
72—74]. Potassium concentration in late distal tubule
fluid also exceeds plasma potassium in dogs [75] and
monkeys [40]. It should be noted, however, that in
three studies with rats [21, 58, 76], late distal potas-
sium concentrations were not higher than plasma
potassium. It has been suggested [76] that this dis-
crepancy may be due to strain differences among rats.
The experiments which yielded low late distal concen-
trations, however, were done with both Sprague-
Dawley [21, 76] and Wistar [58] rats, and both of
these strains as well as Long-Evans rats have been
used in experiments in which high late distal potas-
sium concentrations were found. Thus, differences
between strains of rats may not be the reason. An-
other possible explanation for low late distal potas-
sium concentrations might be undetected potassium
depletion however, it seems unlikely that all of these
investigators were studying potassium-depleted rats.
Table 1. Summary of differences among successive regions of the superficial distal tubule.
Distal tubule >
Region: Near macula
densa
Early Mid Late Beyond
confluence
Name: Ascending
limb (ALH)
Distal convoluted
tubule (DCT)
Connecting
tubule (CT)
Initial collecting
tubule (ICT)
Cortical collecting
tubule (CCT)
Appearance:
Adenylate cyclase
responds to: NaF, PTH
Bright
NaF
Granular
NaF, PTI-I
Light
NaF, AVP
Light
NaF. AVP
Na-K-ATPase: + + + ? ?
Cell types: DCT and dark Intermediate, light,
DCT, and dark
Light. dark,
and intermediate
Light
and dark
Origin: Metanephric blastema IJreteral bud
0 20 40 60 80 100
Length along distal tubule, %
Fig. 4. Delivery of potassium along the superficial distal tubule
expressed as fractions of the filtered quantity. Data are from three
sources: circles, Reference 7; squares, Reference 32; and triangles,
Reference 33.
The reason for the discrepancy is, therefore, not ap-
parent at present.
The concentration of potassium in the late distal
tubule is also affected by flow rate through the seg-
ment. Data from several studies in which potassium
concentration and flow rate were measured are
shown in Figure 5. In three of the studies, flow rate
was increased as a consequence of systemic infusions
that expanded the extracellular fluid volume. In the
study of Morgan and Berliner [771, the flow rate was
varied by direct microperfusion. In most of the ex-
periments, potassium concentration fell in associa-
tion with increased flow rate. However, the fall in
concentration was not as marked as it would have
been had the potassium secretory rate remained con-
stant (a predicted result shown by the broken lines in
Figure 5). Two conclusions are drawn from the data:
first, the transport step is not the rate limiting process
(rather, because the secretory mechanism is fast, net
secretion is, to a significant extent, flow-limited); and
second, the luminal potassium concentration at slow
flow rates is not different from the concentration
achieved when flow is stopped. Thus, the concentra-
tions found in tubule fluid flowing at normal rates
(about 5 nI/mm) are at or near the maximum concen-
trations that the epithelium can produce, and they are
only reduced to a moderate degree by large increases
in the tubule fluid flow rate.
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0.6 — Electrical measurements. In most studies, with both
rats and dogs, the PD across the wall of the late distal
0 tubule has been found to range from 40 to 60 mV,
0.5 - lumen negative [7, 9, 32, 41, 80—82]. In some recent
experiments [83] in which electrodes with larger tips
were used, smaller PD's (about 20 mV) were ob-
served. The cause of these differences is not certain at
A present, and the matter is still under investigation in
several laboratories. The PD is larger (about 85 mV)
in rats that have been fed a high potassium diet and
0.3 -
o smaller (about 30 mV) after a period of potassium0 0 depletion [161. It is also reduced after administration0 A . .of amiloride [33, 84]. Recent evidence, discussed in
0.2 - more detail below, indicates that the PD may be
A 0 A A generated as a consequence of peritubular sodiumA extrusion by a directly rheogenic mechanism [85].
0 - The relation between the transepithelial conceritra-
A A tion difference and the transepithelial PD has been
ctJ3 o o , examined in an effort to gain insight into the mecha-
I I I I I nism by which potassium is secreted into the distal
15
10,
50
10
0 20 3010
V1, late distal, n//mm
Fig. 5. Relation between tubule fluid potassium concentration and
the flow rat 0/ jluid through the late part of superficial distal tubules.
Open symbols indicate rats with normal plasma potassium; solid
symbols indicate rats infused with elevated plasma potassium be-
cause of intravenously inl'used potassium. Squares are from Refer-
ence 77 in which flow rate was varied by microperfusion of 1-lenle's
loop. iriangles are from References 79 and 73 in which samples
were obtained from stationary drops, or during iv. infusion of
saline, Circles and diamonds are from References 73 and 74 which
also employed extracellular volume expansion. The broken lines
indicate potassium concentrations resulting from potassium secre-
tion at constant rates and were calculated as [K [Ti, K secre-
tion/VTi,., for K secretion equal to 10, 50, and 100 pmoles/min.
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tubule. In a large number of experimental situations,
the luminal potassium concentration has been found
to be less than would be predicted on the basis of
passive distribution according to the transepithelial
electrical potential (calculated by the Nernst equa-
tion). Figure 6 summarizes these data. After a period
of potassium depletion, when potassium excretion is
reduced and no net transport into or out of the distal
tubule is seen [7], the luminal potassium concentra-
tion remains below the plasma concentration, despite
the persistence of a degree of luminal negativity.
When potassium secretion is stimulated, for example
by infusing potassium chloride [9, 32] or sodium
bicarbonate [80], luminal potassium concentration
increases but remains below the equilibrium concen-
tration measurements calculated from average PD
measurements in separate groups of similarly treated
rats. Recent experiments in which PD and potassium
concentration were measured in the same tubule,
however, indicate that potassium secretion can be
seen to proceed against an electrochemical potential
gradient [86, 87]. These experiments and the relation
between electrical potential and distal potassium se-
cretion will be discussed in more detail below.
Electrical resistance is another functional property
that has been examined in superficial late distal tu-
bules. Determined by measurements with micro-
Range of equilibrium60 values from PD measurements
- U Range of observed
values from potassium measurements
30 -
electrodes and with the assumptions of cable theory,
the specific resistance (area resistivity) of the distal
tubule has been found to average between 60 and 600
ohm. cm2 [41, 81, 82, 88] in rats and dogs. In the most
recent of these reports [82], a lower resistance (61
ohm.cm2) was found in late distal segments than in
early distal segments (180 ohm.cm2) in rats. Also,
Bermudez and Windhager [82] found that changes in
the transepithelial gradient of osmotic pressure af-
fected the electrical resistance (and, therefore, the
ionic conductance) of the tubule wall. For example,
an increase in tubule fluid osmolality from 200 to
300 mOsm/kg of H20, as may occur along the late
distal tubule, was associated with a decrease in resist-
ivity of approximately 100 ohm.cm2. Since this
change in osmolality also caused the PD to become
about 5 mV more lumen positive, Bermudez and
Windhager [82] concluded that the osmolality
changes caused changes in the flow of electrolyte
solution through cation selective spaces between
cells.
These measurements of electrical resistance, and
the associated evidence for movement of fluid and
ions between the cells, are of interest in view of how
rarely the distal tubule is referred to as a "leaky"
epithelium. Although the resistance of the distal tu-
bule, 60 to 600 ohm.cm2, is about ten times higher
NI NI NI NI High K NI High K High K
Low Na Low Na
Infusion NH4CI NaCI Mann. NaCI WOO2 Gluc. 1PCO2 GIuc. Na2SO4 NaCI NaCI
0.67 M 0.4 NA DPA Mann.
KCI KCI NaHCO3 KCI Na2SO4
Mann. 0.6 M KCI
D PA
Ref. A B C C A C A C C B B A C A D B
Fig. 6. Tubule fluid to plasma concentration ratios for potassium: 1) measured in samples of fluid from late distal tubules of rats (shaded bars)
and 2) calculated as equilibrium values from measurements of transepithelial voltage across late distal tubule walls (clear bars). Effects of dietary
pretreatment and of i.v. infusions are indicated for results from four sources: A, Reference 80; B, Reference 7: C, Reference 9: and 13,
Reference 32.
I
_0.n. U. u.
L
I
Diet 02012 Low K Low Na NI NI Low Na NI Low Na
Doca
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than that of the proximal tubule, 5 to 12 ohm.cm2
[88, 89], it is far lower than the resistance of epithelia
such as toad bladder and frog skin, which exceed
2000 ohm cm2. Tisher and Yarger [90] have found
that lanthanum is able to penetrate the junctional
complexes of cells lining the distal convoluted tubule
(early distal tubule). Whether lanthanum also can
penetrate the junctional complexes of cells in the late
distal tubule has not been reported; however, usher
and Yarger [90—9 II did find that lanthanum failed to
penetrate the tight junctions between cells in the cor-
tical and medullary collecting tubule. Since Allen and
Tisher have also shown that the cells of the late distal
tubule are similar to those of the CCT [51], we might
infer that junctions between cells in both segments
exclude the tracer. Since there is considerable overlap
between measured values for the specific resistance of
the cortical collecting tubule, and the distal tubule, it
appears that lanthanum permeability and electrical
resistance may not always be correlated. The late
distal tubule (60 ohm.cni2 [82]) and cortical collect-
ing tubule (266 ohm.cm2 [92]) may be at least as
permeable to small ions as is the DCT (180
ohm.cm2), a segment with junctions that are per-
meable to lanthanum.
Other Jàciors. Not only is the rate of potassium
secretion into the distal tubule always less than the
rate of sodium reabsorption from this nephron seg-
ment, but the ratio of sodium reabsorption to potas-
sium secretion is quite variable [9]. Thus, Malnic,
K lose, and Giehisch [9, 10] concluded that potassium
secretion is not tightly coupled to sodium reabsorp-
tion (I I exchange by the same membrane carrier, for
example). They postulated instead that since potas-
sium probably moves from the cell to the tubule
lumen down a concentration'gradient that is opposed
by only a small cell-negative voltage across the lu-
minal membrane, the major driving force for potas-
sium secretion is the concentration of potassium in
distal cells. A model based on these measurements of
transepithelial differences in concentration and elec-
trical potential was proposed [10—13] in which pos-
sible control elements that could serve to regulate the
rate of potassium secretion were the following: the
rate of potassium uptake from blood by the pen-
tubular sodium-potassium exchange pump; a reab-
sorptive pump in the luminal membrane opposing
secretion; and the rate of transfer from cell to lumen
affected by cellular potassium concentration, the lu-
minal membrane permeability, and the luminal mem-
brane voltage. In discussions by many authors, the
last three factors have been especially emphasized
with the result that potassium secretion has come to
be referred to as a "passive" process. It should be
emphasized, however, that potassium cannot con-
tinue to move from cell to lumen without continued
uptake from blood to cell, a process generally
thought to be "active."
On the basis of experiments using in viva measure-
ments of the kinetics of radioactive potassium [93],
Mello-Aires, Giebisch, and Malnic stressed the im-
portance of the uptake step across the peritubular
membrane in establishling the overall rote of potas-
sium secretion. They measured rates of appearance of
radioactive potassium (42K) in the tubule lumen af-
ter the tracer was perfused in adjacent peritubular
capillaries. The peritubular membrane fluxes and the
cellular transport poo1 were increased in potassium-
loaded and bicarbonate-infused rats, and were de-
creased in potassium-depleted rats. Estimates of the
rate coefficient for unidirectional potassium move-
ment across the peritubular membrane indicated that
the large cell pool of potassium in the potassium-
loaded rats could have been due to increased pen-
tubular uptake, and the small cell pool in potassium-
depleted rats could have resulted from diminished
uptake. Thus, a step apparently involving active
transport could be an important (or a principal) regu-
latory mechanism. Unlike the luminal membrane ex-
change mechanism suggested by earlier workers
[94—97], however, this active secretion occurs across
the peritubular membrane. To be certain of the loca-
tion of the active transport step, we need to know the
concentration (activity) of potassium within distal
cells. Ways of distinguishing among possible trans-
port mechanisms are considered in detail by Mack-
night in this symposium [981.
Only a limited amount of information is available
regarding intracellular potassium. Since the distal
cells represent such a small fraction of renal cortical
tissue, and because mammalian cells are quite small,
it has been difficult to obtain direct chemical analysis.
Burg and Abramow [99] measured potassium in
single distal tubule fragments and found a value of
230 mEq/kg of dry tissue. This content was not dif-
ferent from that determined for separated proximal
tubules. Burg and Orloff [100] also determined tissue
potassium concentration in a suspension of cortical
tubules (proximal and distal) and found values rang-
ing from 120 to 140 mEq/liter of tissue water. Thus,
values for cellular potassium of 100 to 150 mM have
seemed reasonable and have been assumed in many
discussions [101]. Measurements by Khuri, Agu-
han, and Kalloghlian [102], however, using in-
tracellular liquid ion-exchange microelectrodes, have
yielded values for cellular potassium of only 40 to 50
mM. If this value is the effective intracellular concen-
tration, it is so low that it permits the possibility that
peritubular uptake might occur down an electrical
gradient and, thus, be passive. Further, if the cellular
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potassium is this low, it may be that potassium trans-
fer from cell to lumen might occur against an electro-
chemical gradient and, thus, be active.
Although the data presently available do not per-
mit final conclusions about the mechanism of distal
potassium secretion and about how it is regulated, at
least two aspects of distal tubule function emerge as
important regulatory elements. These are cellular po-
tassium concentration, and luminal fluid flow rate. A
third functional element, the transepithelial (or possi-
bly the luminal membrane) voltage, is often consid-
ered to be an important determinant of the rate of
potassium secretion, but there is reason to doubt that
the PD does play such a role.
Cellular potassium. First, with regard to cell potas-
sium, no matter what is ultimately found to be the
nature of the transport step from cell to lumen, it is
likely that the concentration or amount of potassium
ifl the cell exerts a significant influence on the rate of
secretion. If secretory transfer across the luminal
membrane is passive, the intracellular potassium con-
centration would be the driving force. If an active
transport step resides in the luminal membrane, the
intracellular supply of potassium for secretion might
still be a controlling factor. Such a postulated in-
fluence of intracellular potassium on total secretory
rate might in turn be dependent on the potassium-
accumulating mechanism in the peritubular mem-
brane. Variations in the rate or peritubular uptake
and consequently in the magnitude of cell potassium
could be the crucial elements in the changes in distal
secretory rate seen in response to changes in potas-
sium intake, to variations in circulating aldosterone,
and to abnormalities of acid-base balance.
Increases in potassium intake whether acute, as
with infusions of potassium salts, or chronic, as with
high potassium diets or reductions in functional renal
tissue, cause plasma potassium to increase at least
transiently. It seems likely that when plasma potas-
sium is elevated, the peritubular uptake mechanism
of distal tubule cells could be stimulated to increase
its activity. The factors involved in the adaptation of
renal transport mechanisms to increased potassium
intake are discussed in more detail by Silva, Brown,
and Epstein [103] in this symposium. An association
between increased rates of potassium excretion per
nephron and the activity of Na-K-ATPase in ho-
mogenates of cortex, outer medulla, and papilla has
been observed in kidneys from uremic rats [104] and
from rats fed a high potassium diet [63—64].
Similarly, increases in circulating aldosterone may
stimulate distal potassium secretion by stimulating
potassium accumulation across the peritubular mem-
brane. Whether such stimulation might be a direct
effect of aldosterone on peritubular uptake, or per-
haps an effect on basolateral membrane Na-K-ATP-
ase, has been uncertain [105]. A recent investigation
employing microdissection and microanalysis does
show that Na-K-ATPase responds to aldosterone
[661. A note of caution should be sounded, however,
with regard to the effects of both increased plasma
potassium and increased aldosterone on Na-K-ATP-
ase. This is that the enzyme activity has been found
(by microdissection as well as by histochemistry) to
be located mainly in the ascending limb and early
distal tubule [65, 66, 69, 70] — two nephron segments
which apparently never secrete potassium.
The shift of potassium into cells that occurs in
acute alkalosis is discussed by Adler and Fraley in
this symposium [106]. It is not known whether it
occurs through the same pathway as the one that is
stimulated by potassium-loading and aldosterone.
Nevertheless, it is likely that increased potassium in
distal tubule cells in acute alkalosis and decreased
cellular potassium in acute acidosis are controlling
factors contributing to the altered rates of potassium
secretion seen in these disturbances. It should also be
noted that in their examination of the effects of a
variety of acid-base disturbances on potassium trans-
port, Malnic et al [80] found that increases in tubule
fluid pH between 6.4 and 7.9 were generally asso-
ciated with increased potassium secretion by distal
tubules. Other factors, such as cellular pH, were con-
sidered to be more important however, a stimulatory
effect of alkaline tubule fluid on potassium secretion
has not been ruled out.
Tubule fluid flow rate. A second important con-
trolling element appears to be the luminal flow rate.
Increases in the rate of distal flow have been found in
micropuncture experiments [72, 74, 77] to be asso-
ciated with increases in distal potassium secretion.
Samples from late distal tubule segments of rats
show that luminal potassium concentration usually
falls when flow rate is increased (Fig. 5). However,
since the fall in concentration is not proportionately
as large as the increase in flow, net secretion increases
as volume flow increases. It has also been observed
that the levels of dietary potassium [73] and of
plasma potassium concentration [72, 74] affect the
the relation between flow and potassium secretion.
Potassium secretion is not increased when distal flow
is increased in potassium-depleted hypokalemic rats,
whereas in rats previously fed a high potassium diet,
the same increment in flow rate results in a greater
increase in potassium secretion [73]. Potassium in-
fusion also increases the rate of secretion at a given
flow rate [72, 74].
Just as the concentration of potassium in distal
cells might in some cases be viewed as being deter-
mined by the rate of peritubular potassium uptake,
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the effect of increased volume flow as a stimulus to
potassium secretion depends on a rate of peritubular
potassium uptake sufficient to prevent cellular and
luminal potassium from falling too much. It is not
certain at present how a primary change in luminal
flow rate is sensed at the opposite side of the cell and
is able to elicit the necessary increase of peritubular
uptake. Recent experiments by Wiederholt and
Giebisch [85] provide a clue in that they show that
luminal events can affect peritubular membrane func-
tion. In experiments with amphiuma, increases in the
luminal sodium concentration from 10 to 100 mM
were followed by immediate increases in the pen-
tubular membrane voltage from 30 to 75 mV. The
results suggest that the peritubular membrane voltage
is dependent on the rate of sodium entry from lumen
to cell, and that when the luminal sodium concentra-
tion is increased, cell sodium increases and stimulates
a rheogenic sodium extrusion mechanism in the pen-
tubular membrane. It is possible that such an in-
crease in peritubular sodium extrusion might create
an additional force that would increase the rate of
peritubular potassium uptake. Another possibility, in
view of the small decrease in tubule fluid potassium
concentration that results from increases in flow (Fig.
5), is that cell to lumen transfer of potassium increases
as a consequence of the fall in luminal potassium and
that peritubular potassium uptake subsequently in-
creases in response to the decrease in cellular potas-
sium.
It is likely that increases in the rate of flow into and
through the distal tubule contribute to the increased
losses of potassium that are seen during the adminis-
tration of diuretic drugs [I, 107—109] and during os-
motic diuresis [1101. It is also possible that the en-
hancement of potassium excretion that occurs with
administration of phosphate, sulfate, nitrate, bi-
carbonate, and ferrocyanide after sodium-depletion
[Ill—I 13] is a consequence of decreased proximal
fluid absorption and increased flow through the distal
nephron. The very modest losses of potassium that
are seen in rats with diabetes insipidus [114—116] may
be due to increased volume flow. Two reasons that
large amounts of potassium are not lost during the
onset of water diuresis may be that a large water load
may lower cellular potassium by dilution, and that
since the vasopressin responsive segment is not prox-
imal to the potassium secreting segment, flow
through the potassium-secreting segment is not im-
portantly increased.
Electrical potential difference. A role for the trans-
membrane or transepithelial electrical potential dif-
ference in regulating distal potassium secretion was
postulated [9, 79, 101] because the transepithelial PD
is oriented with the lumen negative and because it has
usually been found to be of a large enough magnitude
that it could account for the observed near steady-
state distribution of potassium [7, 9, 32, 80]. As
shown in Figure 6, the highest values of tubule fluid
to plasma concentration ratios for potassium,
(TF/P)K, measured in many experimental situations
have always been less than the average equilibrium
concentration ratio calculated from transepithelial
voltage found in the same circumstances. Also, the
observation [41, 811 that the PD is of this magnitude
only in the last portion of the surface distal tubule —
the same portion of the tubule in which potassium
secretion is seen —allowed the possibility that potas-
sium secretion depended upon and, therefore, might
be regulated by the PD.
It was not until the experiments of Grantham,
Burg, and Orloff [621 that the PD was found to he
insufficient to drive potassium secretion. In these ex-
periments cortical collecting tubules were isolated
from rabbit kidneys and perfused at very low rates.
The tubule segments raised the potassium concen-
tration of the perfusion fluid to values far in excess of
the equilibrium concentration calculated by the
Nernst equation from the measured PD, indicating
that potassium was secreted against an electrochemi-
cal gradient. However, since these experiments were
done with tubules from rabbit kidneys and since the
segments were from the collecting tubule, the same
results would not necessarily be expected for surface
distal tubule studied in rat kidneys, the segment from
which most data relating PD and potassium secretion
have been obtained.
Recently, however, in experiments with rats [86,
871, it has been observed that luminal potassium con-
centrations in excess of those predicted from the
transepithelial potential can be observed when ani-
mals are infused with potassium chloride, potassium
sulfate, or sodium bicarbonate, and the PD is re-
duced as a consequence of the inevitable electrical
leak around the micropipet used for simultaneous
sampling of the tubule fluid. These results from rat
distal tubules are similar to the findings of Grantham
et al [62] for rabbit collecting tubules and suggest that
the transepithelial PD is not the main or perhaps even
a necessary driving force for potassium secretion.
Earlier investigations in which transepithelial volt-
ages and the distribution of potassium across the
luminal membrane had been measured in different
groups of rats also gave indications that the PD may
not determine the rate of potassium secretion. In
some experiments the transepithelial PD and late dis-
tal potassium concentration changed in the same di-
rection; however, in other experiments the two varia-
bles have been dissociated.
Examples of parallel decreases in PD and concen-
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trations are seen in free-flow micropuncture experi-
ments with potassium-depletion [7, 16], ammonium
chloride infusion, and acute hypercapnia [80]. The
changes of PD in acute acidosis are very small, how-
ever, and as in potassium depletion, are not neces-
sarily causally related to the observed decrease in
potassium secretion. As discussed above, there is evi-
dence that both potassium depletion and acute ad-
dosis diminish cell potassium. The decrease in cellu-
lar potassium could be the main factor involved in
establishing the lower than normal rate of potassium
secretion. Parallel changes in transepithelial PD and
distal potassium concentrations were also seen in sta-
tionary microperfusion experiments [79]. When a
drop of sodium chloride solution was placed in the
distal tubule of rats previously fed a low sodium
chloride diet, the PD was —48 mV, and the highest
steady-state potassium concentration in the collected
fluid was 2.6 times the plasma potassium. The PD
and (TF/P)K values were —8lmV and 5.3 when the
perfusion fluid was sodium sulfate plus raffinose, and
—3 mY and 0.9 when the perfusion fluid was choline
chloride. It is possible that the potassium concentra-
tion changes in tubule fluid were caused by the
changes in PD: however, it is also possible that both
PD and potassium concentration were affected by
some other factor — for example, the rate of sodium
reabsorption and its possible effect on peritubular
membrane potassium uptake [85] and cellular potas-
si urn.
There are also situations in which PD and luminal
potassium concentration appear to vary independ-
ently of each other. Acute infusions of potassium
chloride into rats cause distal potassium secretion to
increase and cause a 35% increase in distal potassium
concentration but do not increase the PD [32]. Pro-
longed sodium deprivation causes distal potassium
concentration to fall but does not decrease the PD
[7, 9]. Long-term feeding of a diet high in potassium
results in a large increase in the late distal PD which
persists for many hours after eating when plasma
potassium, late distal potassium, and potassium ex-
cretion have all returned to normal [16, 32]. Infusion
of sodium sulfate has been observed to increase the
late distal PD without increasing the concentration of
potassium in distal fluid [9]. Thus, since the effect of
sulfate infusion to increase potassium excretion oc-
curs without increasing distal potassium concentra-
tion, it probably is due to increased flow through the
distal tubule.
The late distal tubule (initial collecting tubule),
therefore, is a major site for potassium secretion in
which potassium usually moves from blood to lumen
down an overall electrochemical gradient. Although
it is not certain that potassium moves through cells as
it is secreted, if it does, then the uptake step from
blood to cell emerges as a principal regulatory ele-
ment. Variations in the uptake step, which may in-
volve active transport of potassium, and in the rate of
volume flow through the distal tubule may be in-
voked to explain observed changes in the potassium
secretory rate in many different situations. The early
distal tubule (distal convoluted tubule) is lined by a
different type of cell [47—52], has a smaller electrical
potential [41, 81, 83], a higher electrical resistance
[82], is unresponsive to vasopressin [52, 1171, and
does not clearly transport potassium in either the
reabsorption or secretory direction (Fig. 4). It is pos-
sible, but not presently established, that the potas-
sium secretory segment is actually composed of two
structurally and functionally distinguishable seg-
ments (the connecting tubule and the initial collecting
tubule). If these two segments are as different as some
recent evidence indicates [43], then it is possible that
potassium is secreted in the "mid" distal tubule by a
different mechanism than in the "late" distal tubule.
Cortical collecting tubule
Reasons for seriously considering this possibility
come from results of experiments with the next most
distal segment, the cortical collecting tubule. This
structure, which begins at the region of confluence of
several superficial nephrons, has many structural and
functional similarities to the last portion of the distal
tubule. The cells, like those in the late distal tubule,
are cuboidal, have simple lateral membranes with
interdigitations restricted to the most basal region of
the cell, and have scattered round mitochondria [49,
54, 1181. As in the initial collecting tubule, two types
of cells, light and dark (Fig. 3), can be recognized,
Morphologic [52, 119], functional [117,120], and bio-
chemical [43] evidence of vasopressin responsiveness
has been obtained for the cortical collecting tubule.
The transepithelial PD, which has been measured in
isolated perfused cortical collecting tubules, is similar
to the PD across the wall of the late distal tubule. In
tubules obtained from rabbits fed a normal diet, the
PD usually averages about 35 mV, lumen negative, at
37°C [92]. The smaller magnitude of some PD values
reported earlier [121, 122] has been attributed to
lower temperature of the perfusion system [90]. The
higher values (48 to 117 mV, lumen negative) re-
ported in another series of experiments [36] appar-
ently differ for some reason other than temperature.
Surprisingly, a PD of 4 mV, lumen positive, at 37°C
has been reported from another laboratory [117].
Although all workers do not agree about the magni-
tude, or even the direction, of the transepithelial volt-
age, there does seem to be agreement that tubules
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dissected from rabbits fed a diet high in potassium
have PD's that are more negative by 15 to 30 mV
[117, 123]. This effect is another similarity between
the CCT and the ICT. The PD is thought to be
generated by active sodium reabsorption [62, 92].
The specific resistance of the tubule wall has recently
been measured at 37° C [92] and has been found to
average 266 ohm cm2, a value similar to the resis-
tivity of the distal tubule in rats and dogs [41, 81, 82,
88, 100].
Data from in vivo micropuncture in rats suggest
that the cortical collecting tubule can secrete potas-
sium. Net addition of potassium between late distal
puncture sites and the final urine has been observed
after inhibition of carbonic anhydrase [7], during
infusion of 10% mannitol or urea [58], in sodium-
depleted animals infused with sodium chloride and
potassium chloride [32, 124], in chronic metabolic
alkalosis [125], and after potassium infusion (76]. As
is true for the distal tubule, sodium reabsorption by
the CCT is active, is inhibited by ouabain, and ex-
ceeds the simultaneous rate of potassium secretion by
a variable amount. In both segements alkalinization
of the tubule fluid may lead to increased potassium
excretion. The transepithelial PD is of similar magni-
tude and orientation in the two segments. The PD in
both segments is increased by excessive potassium
ingestion and is decreased by potassium depletion.
The PD appears to depend on rheogenic sodium ex-
trusion and is reduced by amiloride in both segments.
The electrical resistance (and, therefore, the total
ionic conductance) is similar in both. The cells of the
two segments have the same ultrastructural appear-
ance. Lanthanum probably does not penetrate the
junctions between the cells in either segment.
The late distal tubule and the cortical collecting
tubule are not alike in all respects, however. The two
segments seem to differ in the rate at which they
transport potassium from blood to lumen. In the late
distal tubule, this rate is fast enough that at normal
flow rates the luminal potassium concentration is
near steady-state values. In the cortical collecting
tubule, the rate of potassium secretion is limiting, and
at normal flow rates, potassium concentration is not
near steady-state values. Maximal concentrations are
attained only when flow is slowed more than ten-fold.
A number of questions remain to be answered. 1)
Do the middle and late portions of superficial distal
tubules possess different mechanisms for potassium
secretion? If so, they might respond to different stim-
uli. 2) Does the late portion of the distal tubule of
deep nephrons secrete potassium? If so, the mecha-
nism might be expected to be similar to that of the
middle portion of superficial nephrons (Fig. 1). 3) Do
superficial late distal tubules and cortical collecting
tubules have similar mechanisms for potassium secre-
tion? In view of their many other similarities, this
seems possible. As more is learned about these sev-
eral cortical segments, it should become clear
whether we have been endowed with more than one
type of secretory mechanism to affect renal potassium
excretion.
Medullary collecting duct
To conclude this trip through the kidney tubule
system, some differences between the medullary col-
lecting duct (MCD) and the cortical collecting tubule
may be noted. The cells of the MCD are simpler than
those of the CCI, having fewer mitochondria and
less complex lateral interdigitations. The MCD does
not have dark cells (Fig. 4) scattered among the light
cells [49, 50, 118]. The junctions between the cells do
not appear to be as tight as those in the CCT, since
they admit lanthanum [91]. The MCD has a higher
urea permeability [128] than that observed in the
CCT. The handling of potassium by the terminal few
millimeters of the MCD has been studied. Hierhoizer
[6], using microcatheterization methods, demon-
strated net secretion of potassium into the MCD of
hamsters when the animals were loaded with potas-
sium and infused with sodium sulfate and acetazola-
mide. It has been more difficult to demonstrate potas-
sium secretion by means of direct micropuncture
(1261. Potassium was secreted into the terminal milli-
meters of eight potassium-loaded rats, but in five
other similarly treated animals, net reabsorption was
seen. In potassium and sodium-depleted rats, potas-
sium reabsorption was found consistently [126]. In
general these results, obtained by direct sampling,
confirm the inferences about the collecting duct han-
dling of potassium that can be made from com-
parisons of fractional potassium excretion and frac-
tional delivery out of the surface distal tubule, as
determined by micropuncture. In normal rats infused
with sodium chloride and mannitol [7], in rats fed
potassium [7, 9, 32], or deprived of potassium [7, 32]
or sodium [9], and in rats with metabolic acid-base
disturbances [80], delivery of potassium into the cor-
tical collecting duct (measured as a fraction of filtered
potassium) is greater than the fractional excretion
measured in urine emerging at the papillary tip. It has
recently been reported that the number of dark cells
along the medullary collecting duct is increased dur-
ing potassium depletion [129], another observation
suggesting that this segment is an important site of
potassium reabsorption. Although we have less infor-
mation about the medullary collecting duct than
about the cortical collecting tubule, it appears that
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the two segments may differ both morphologically
and functionally.
Although a serial treatment involving filtration,
reabsorption, secretion, reabsorption, secretion, and
finally reabsorption may seem an overly complicated
way to excrete potassium, the adaptability and the
precision with which the kidney accomplishes its task
of maintaining the body's potassium balance attest to
the utility of these multiple transport mechanisms.
Reprint requests to Dr. Fred S. Wright, Department of Phys-
iology, Yale University School of Medicine, New Haven, Con-
necticut 06510, U.S.A.
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